Introduction
The very-long-chain polyunsaturated fatty acids (VLCPUFAs) in ω-3 families, such as docosahexaenoic acid (DHA, C22:6 ω-3), are widely believed to have important benefits for human health. DHA is an essential component of cell membrane lipids of brain neurons, and the external segment of photoreceptors in the retina [16] . Clinical studies have shown that DHA deficiency is associated with cognitive decline and the onset of Alzheimer's disease in adults [26] . Although the human body is capable of synthesizing DHA from dietary α-linolenic acid (ALA, C18:3 ω-3), dietary imbalance over the last decades has resulted in the trend of consuming fatty acids in increasingly high ratios of ω-6 to ω-3. It is believed that this trend has had negative impacts on human health and development [5, 17] . In developing countries, DHA uptake for infants from dietary sources is largely insufficient [3] .
The major dietary sources of DHA are the oils from marine fishes and microalgae [2] . Marine fishes accumulate the DHA mainly by consuming marine microalgae, which are considered to be the primary producers of DHA. However, the marine fishes have been over-exploited for decades owing to the expansive DHA industry, and this has resulted in the unstable supply and low quality of DHA [1, 10] . It is imperative that sustainable and alternative sources of DHA should be developed. One strategy is to develop transgenic oil crops or microbes to produce DHA by expressing key genes involved in VLCPUFAs biosynthesis [19] . However, transgenic manipulation is largely dependent on the properties of the target genes.
The fatty acid desaturase and elongase play key roles in the processes of ω-3 VLCPUFA synthesis, using ALA as the substrate. There is a high amount of ALA in many oilseed crops. The biosynthesis of DHA from ALA involves a series of reactions catalyzed by fatty acid desaturase and elongase. The most common DHA synthesis pathway is the ∆6-desaturase/∆6-elongase pathway, in which ALA is first desaturated by ∆6-fatty acid desaturase to yield stearidonic acid (SDA, C18:4 ω-3), followed by the elongation through ∆6-fatty acid elongase to produce eicosatetraenoic acid (ETA, C20:4 ω-3). The product ETA is then catalyzed by ∆5-fatty acid desaturase to produce EPA that can be further elongated by ∆5-fatty acid to form docosapentaenoic acid (DPA, C22:5 ω-3). DPA is subsequently desaturated by ∆4-fatty acid desaturase to produce DHA [15, 20, 21] . The genes involved in the pathways have been isolated from a variety of organisms, including mosses, fungi, and algae, and some of the genes have been transformed into yeast or higher plants with functions [8, 9, 26] . Although some ∆4-fatty acid desaturase genes have been identified from a marine fungus and several microalgae [14, 18, 19, 24] , there is no report about the identification and characterization of the ∆4-fatty acid desaturase gene from Isochrysis sphaerica.
The microalga I. sphaerica is rich in VLCPUFAs, where the total unsaturated fatty acids was shown to reach up to 64% of whole cell fatty acids [4] . In this study, we isolated a ∆4-fatty acid desaturase gene from I. sphaerica and confirmed its function of synthesizing DHA from DPA by expressing the gene in Pichia pastoris.
Materials and Methods

Cultivation of I. sphaerica
The microalgae strains of I. sphaerica were obtained from Freshwater Algae Culture Collection of Institute of Hydrobiology, China (FACHB-Collection, http://algae.ihb.ac.cn/). Growth was maintained on f/2 medium, at 25 degenerate primers (F1 and R1, Table 1 ). The degenerate PCR was carried out to amplify the corresponding region of the ∆4-fatty acid desaturase gene from I. sphaerica. The Plant Genomic DNA Kit (Tiangen, Beijing, China) was used for DNA extraction, and the DNA concentration was determined by using the GE Nanovue o C for 7 min. The PCR product was gel-purified and subject to ligation and transformation. The DNA insert was ligated with vector pMD18-T (TaKaRa, Dalian, China) and transformed into competent cells of Escherichia coli strain DH5α. Positive clones were confirmed by sequencing. The core sequence of 606 bp was confirmed by BLAST analysis indicating that it shared high identity and similarity to the ∆4-fatty acid desaturase gene of Isochrysis galbana (AAV33631.1). From this sequence, genome walking was applied to get the full length of the gene. Briefly, adaptor PCR and thermal asymmetric interlaced PCR (Tail-PCR) were conducted following the protocols described in the GenomeWalker Universal Kit User Manual (Clontech, PT3042-1) and the references [12, 13, 22] . From adaptor PCR, the upstream and downstream of the target gene were obtained using StuI restriction sites as the cloning sequence. Two reversed nested primers (Adaptor-R1 and Adaptor-R2, Table 1 ) and two forward nested primers (Adaptor-F1 and Adaptor-F2, Table1) were used for PCR. By adaptor PCR, the 5'-end sequence of 188 bp and the 3'-end sequence of 418 bp were obtained, respectively. Seven AD primers (AD-1 to AD-7, Table 1), three reversed nested primers (Tail-R1, Tail-R2, and Tail-R3, Table 1 ) and three forward nested primers (Tail-F1, Tail-F2, and Tail-F3, Table1) were used for Tail-PCR. Subsequently, another two sequences of 363 bp (at 5'-end) and 893 bp (at 3'-end) were gained by this approach. The AD primers used in 5'-and 3'-end genome walking were RP-2 and RP-3, respectively. After the sequence assembly and BLAST analysis (http://www.ncbi.nlm.nih.gov/), a full length of ∆4-fatty acid desaturase gene was identified.
For total RNA extraction, cells were harvested in the middle of the exponential growth phase by centrifugation and frozen immediately in liquid nitrogen subject to a grind. RNA extraction was conducted using TRIzol reagent (Invitrogen, USA) and RNase-free DNaseI (Fermentas, Shenzhen. China) following the manufacturers' instructions. The first-strand cDNA synthesis was performed using PrimeScript Reverse Transcriptase (Takara, Dalian, China). The oligo-dT linker-primer (Oligo-dT, Table 1 ) was used for the reverse transcription reaction. According to the ∆4-fatty acid desaturase gene sequence, two specific primers (IsFAD4-F and IsFAD4-R, Table 1 ) were designed to amplify the complete ORF of the gene.
To verify the function of IsFAD4, we did the heterologous expression in Pichia pastoris. The recombinant vector was constructed by cloning the IsFAD4 ORF into yeast expression vector pHBM906 through the cloning sites of CpoI and NotI. The Expand Long High Fidelity PCR system (Roche) was employed using 2 µl of the firststrand cDNA as template. Two specific primers, IsFAD4_F and IsFAD4_R, containing CpoI and NotI sites (Table 1) were designed to facilitate the cloning. IsFAD4 was placed in-frame with sequence containing both the promoter and transcription terminator of the AOX1 gene [27] . The resulting recombinant plasmid pHBMIsFAD4 was verified by sequencing and expression in a yeast host.
Functional Characterization of ∆4-Fatty Acid Desaturase Gene in Yeast
Respectively, the recombinant plasmid pHBMIsFAD4 and empty vector pHBM906 were linearized by SalI digestion and transformed into P. pastoris GS115 competent cells by electroporation following protocols specified by the manufacturer. Positive clones of transformed cells were selected using MD (13. 
Fatty Acids Analysis
Microalgae or yeast cells were dried by the Vacuum Freezedrying System. Fatty acid methyl esters (FAMEs) were extracted with petroleum ether and trans-methylated with 0.4 M NaOH in methanol. FAMEs were analyzed by gas chromatography (GC) (7890A; Agilent, USA) equipped with a flame-ionization detector and a polar capillary column (HP-5, 30 m × 0.32 mm, 0.25 µm film, HP, USA), and eventually identified by comparing with the references and standard FAMEs (PUFA-1, Catalog NO.47033; Supelco, USA). The areas of chromatographic peaks were calculated to measure the relative amounts of fatty acid methyl esters. The efficiency of converting DPA into DHA was calculated as the percentage of the amount of product divided by the sum of substrate and product 
Results and Discussion
Production of DHA by I. sphaerica
The condition for VLCPUFA production was optimized based on the evaluation of fatty acid compositions under various media, light intensities, and temperatures. Cultures grown on f/2 medium at 25 o C under the light intensity of 24 µmol·m -2 ·s -1 were shown to generate the highest amount of DHA. This condition was quite similar to the previous one, where only total unsaturated fatty acids were evaluated and the optimal culturing temperature was 20 o C [4] . Under this finalized condition, the amount of ω-3 VLCPUFAs accounted for 32.80% of total fatty acids, and DHA alone reached 11.77% (Table 2) . Notably, the amount of ω-3 VLCPUFAs was more abundant than that of ω-6 VLCPUFAs produced ( Table 2 ), suggesting that the ω-3 pathway is the major route in I. sphaerica fatty acids synthesis. Similar characteristics were revealed in marine microbes like Shewanella and Schizochytrium [7, 11] . Among the constituents, the content of SDA was remarkably higher than that of γ-linolenic acid (GLA, C18:3 ω-6). This implies that ∆6-fatty acid desaturation represents a limiting step for the biosynthesis of VLCPUFAs, and the ∆6-fatty acid desaturase of I. sphaerica is likely to have an ω-3 preference. The major fatty acid composition of transgenic yeast showed that the DHA content was 2.93%, about four times higher than that of DPA. This observation suggested that I. sphaerica ∆4-fatty acid desaturase had specificity for substrate DPA and the transformation from DPA to DHA was efficient ( Table 3) .
Cloning of ∆4-Fatty Acid Desaturase Gene from I. sphaerica Degenerate PCR was conducted based on ∆4-fatty acid desaturases of two conserved domains from known microalgae and mosses. A specific amplicon of 606 bp was obtained and the sequence was confirmed. An NCBI-BLASTx search showed that the amplicon was part of an ORF, and its deduced peptides were shown to have 92% identity of amino acids to that of Isochrysis galbana ∆4-fatty acid desaturase (IgFAD4, Fig. 3 ) and 31% identity to Perkinsus Table 3 . Fatty acid composition (% of total fatty acids) in IsFAD4-expressing P. pastoris. marinus ∆5-fatty acid desaturase (pemFAD5, Fig. 3 ). By genome walking, a DNA sequence of 2,468 bp in length (data not shown) was identified to contain a desaturaselike gene of 1,284 bp length. The sequence of the ORF was obtained and designated as IsFAD4 (GenBank Accession No. JQ791105). IsFAD4 was predicted to encode a protein of 427 amino acids with an estimated molecular mass of 47.9 kDa, and the putative protein isoelectric point was 9.34. Interestingly, unlike other higher eukaryotes, there were no typical promoter elements such as TATA-, GC-, or CAAT-box in the sequence upstream of the IsFAD4 ORF; instead, there were many CT-rich repeats in the region. This structural characteristic is unique among eukaryotes, and may explain the difference between I. sphaerica and common eukaryotes in terms of the FAD4 gene, and I. sphaerica desaturase Fad4 may evolve from an uncommon eukaryotic ancestor. Full-length IsFad4 was homologous to a known ∆4-fatty acid desaturase of I. galbana IgFad4 and IgFad4-2 [18, 22] , sharing 84% and 87% identity, respectively. Similar to other ∆4-fatty acid desaturases, IsFad4 also contained three histidine boxes (HX 3 H, HX 2 HH, and QIEHHX 2 P) and a cytochrome b5 domain at the N-terminus to serve as an electron donor (Fig. 1A) . This is the characteristic structure of desaturase. The ProtScale and TMHMM analyses indicated that IsFad4 was a transmembrane protein with at least seven hydrophobic domains and four transmembrane domains (Fig. 1B) . These results confirmed the identification of the putative ∆4-fatty acid desaturase IsFad4, which is responsible for the synthesis of DHA in I. sphaerica. Moreover, close zoom-in of the histidine boxes identified the unique motifs of Isochrysis his-box1 (HMGGH) and box2 (HNKHH) showing minor differences with other Fad4 his-boxes, reflecting the different evolutionary relationship (Fig. 2) .
Evolution Analyses of ∆4-Fatty Acid Desaturase Gene from I. sphaerica A phylogenetic tree was constructed from the full length of various desaturase protein sequences of known eukaryotes (Fig. 2) . Clearly, all the ∆6-fatty acid desaturases gathered in one cluster (I), whereas most Fad5 and Fad4 were placed in a separate cluster (II), excepting PemFad5 and CeFad5. It was shown that CeFad5 fell into cluster I and PemFad5 grouped with Isochrysis Fad4s. Cluster I contained all ∆6-fatty acid desaturases from plant, fungi, and algae, including Thalassiosira pseudonana, Phaeodactylum tricornutum CCAP 1055/1, and Nannochloropsis oculata. Cluster II contained most ∆4-and 5-fatty acid desaturases from various eukaryotes, Fig. 2 . Phylogenetic tree comparing the deduced amino acid sequences of IsFAD4 with desaturase proteins from other organisms.
The alignment was generated by ClustalX and the tree was constructed using the neighbor-joining method with MEGA4. The horizontal branch length is proportional to amino acid substitution rate per site. The numbers represent the frequencies with which the tree topology presented was replicated after 1,000 replications. Protein sequences used include IsFAD4 from I. sphaerica, IgFAD4including fungi, moss, and protozoan, but no Fad4 from Isochrysis. IsFad4 and IgFad4 gathered with PemFad5, forming a tight Isochrysis clade in between two clusters with support of a quite high bootstrap value. The result together indicate that I. sphaerica Fad4 is different from other known ∆4-fatty acid desaturases.
Expression of IsFAD4 in Pichia pastoris
To further demonstrate the function of IsFAD4, the full length ORF was amplified from I. sphaerica cDNA and cloned into the yeast expression vector pHBM906. The resulting recombinant vector pHBMIsFAD4 was transformed into P. pastoris GS115 host cells after sequencing confirmation. Expression of IsFAD4 in P. pastoris GS115 was induced by the presence of methanol and the addition of substrate DPA. P. pastoris GS115 cells transformed with the empty vector pHBM906 grown in medium with or without DPA were used as negative controls; yeast cells transformed with pHBM906IsFAD4 grown on medium without DPA was set as another control. GC analysis was applied to measure the cell fatty acid composition. The results clearly indicated that cells transformed with vector pHBMIsFAD4 showed a fatty acid peak identical to the DHA methyl ester standard peak (Fig. 3A) , but all the control samples did not show any peak of DHA (Figs. 3B, 3C, and 3D ). This observation was confirmed in three independent positive clones. On average, in the IsFAD4-expressing cells the content of DHA was 2.93%, whereas the content of DPA was 0.74% (Table 3 ). The content of intracellular DPA was nearly four times lower than that of DHA; it means that four fifth consumed DPA was converted into DHA. The converting efficiency was measured as high as 79.8%. Indeed, heterologous expression of IsFAD4 in P. pastoris resulted in production of DHA, and IsFad4 was able to desaturate the substrate with high efficiency. Furthermore, there was no detected fatty acid peak corresponding to the GLA or SDA methyl ester standard, confirming that DPA was the immediate precursor of DHA and the substrate for IsFad4. Together, these results strongly support the conclusion that I. sphaerica ∆4-fatty acid desaturase, not a ∆6-fatty acid desaturase, is responsible for transforming DPA into DHA.
Although several VLCPUFAs-synthesizing genes have been isolated and heterologously expressed in yeast and plant, the rate of converting substrate DPA to product DHA was low in many cases [20] [21] [22] . This study first demonstrated a high rate of conversion efficiency of nearly 80% in P. pastoris; and I. sphaerica ∆4-fatty acid desaturase gene IsFAD4 played a key role in the DHA transformation. These results implied that the potential industrial production of specific polyunsaturated fatty acids in P. pastoris can be achieved through modifying the fatty acid biosynthetic pathway.
